Interaction between two hydrogen adatoms on graphene was studied by first-principles calculations. We showed that there is an attraction between two H adatoms on graphene. However, the strength of interaction between two hydrogen adatoms and magnetic properties of graphene are strongly dependent on the residence of the two adatoms on the graphene sublattices. Hydrogen adatoms introduce lattice distortion and electron localization in graphene which mediate the attractive interaction between the two H adatoms.
Introduction
Graphene is a material of only one atomic layer thick so it is completely exposed to its environment. Therefore many atoms and molecules can easily adsorb to its surface and alter the physical properties by disturbing single planar sheet of sp 2 -bonded carbon atoms. For example, graphene can be transformed from a semimetal into a semiconductor, with a band gap width that can be tuned by controlling the level of functionalization. There are several different adsorbates that can be used to functionalize graphene such as gas molecules and radicals [1] [2] [3] . A variety of elements are known to absorb to graphene, such as N, O, H, Fe and Si. Among them, hydrogen has been the most elusive to study due to its small atomic mass.
Recently, hydrogen adsorption on graphene has attracted enormous attention due to its unique properties that imply great potential in various kinds of applications [4, 5] . The interaction of atomic hydrogen with graphene is of fundamental interest. A hydrogen atom is expected to saturate a single carbon pz orbital, forming a local sp 3 atomic arrangement, which should significantly alter the local electronic structure due to the breaking of symmetry within the 2-atom honeycomb unit cell of graphene [6] .
The hydrogen-induced changes include a transition from sp 2 to sp 3 hybridization which makes graphene-like electronic structure more "diamond-like" at the hydrogen absorption site but the electronic structures away from the absorption sites are very close to electronic structure of pure graphene [7] . At high coverage, a band-insulating behavior has been predicted [8] and possibly observed [2] . On the other hand, low coverage H or other point defects in graphene are predicted to lead to either magnetism [9, 10] or a localized insulating state [11] [12] [13] [14] depending on whether the H is arranged orderly or not. Boukhvalov et al. showed the most stable configuration of low hydrogenated graphene layer corresponds to the non-magnetic pair hydrogen atoms attached to the different A-B sublattices of graphene [7] .
Understanding the basic mechanisms of hydrogen adsorption, interaction, diffusion and desorption on graphite surfaces is important to understand and solve a number of scientific and technological problems in fields as diverse as astrophysics [15, 16] , fusion reactor design, and hydrogen storage [17] . In the past decade, H atom adsorption properties induced structural, electronic, magnetic and chemical modifications at the graphene sheet have been extensively investigated by various experiments and theoretical calculations [7, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . In this paper, using first principles calculations, we investigate the interaction between two hydrogen adatoms on the same sublattice and different sublattice of graphene. We show that interaction between two hydrogen adatoms on graphene is attractive. However, we found that interaction between two H adatoms on different sublattice of graphene is much stronger than that on the same sublattice of graphene. The origin of the interactions is also analyzed. We show that hydrogen adatoms introduce lattice distortion and electron localization in graphene which mediate the attractive interaction between the two H adatoms.
Computational Methods
The primitive cell of graphene is a parallelogram with two carbon atoms per unit cell.
The lattice constant obtained from our calculation is 2.46 Å, agrees well with The first-principles calculations are performed based on the density functional theory (DFT) with generalized gradient approximation (GGA) in the form of Perdew-Burke-Ernzerhof (PBE) [31] for the exchange-correlation energy functional implemented in VASP code [32, 33] , including spin polarization and dipole moment corrections [34, 35] . 
Results and Discussions

Interaction energy between hydrogen adatoms
The interaction energy between the two H adatoms on graphene is defined as:
Here, Ea2 is the adsorption energy of two H adatoms simultaneously on graphene, and
Ea1 is the adsorption energy of a single H adatom. Ea2 and Ea1 are the absorption energy of a pair of hydrogen atoms and a single hydrogen atom respectively defined by Ea2 = E2H+gra -(Egra+2μH) and Ea1 = EH+gra -(Egra+μH) with E2H+gra, EH+gra, Egra, and μH being the total energies of two H-adsorbed graphene, one H-adsorbed graphene, pure graphene and the chemical potential of a H atom respectively. The chemical potential can be chosen as either ½ of the energy of molecular hydrogen or the energy of hydrogen atom, which will not affect the interaction energy between the two hydrogen atoms defined in Eq. (1).
To minimize the k-point sampling error in the adsorption energy calculations, the energies of the isolated perfect graphene sheet and the isolated atom are also calculated using the same supercell, energy cutoff, and k-point sampling as those in the calculations for the adatom/graphene systems.
The interaction energy as a function of the distance (Å) between the two absorbed atoms is shown in Fig. 2 . Only the interaction energies between two hydrogen atoms with the separation distance larger than 4.0 Å are shown in Fig. 2 because we would like to focus more the interaction that is mediated by the graphene rather than direct bonding between the two hydrogen atoms. We found that the attraction between two H atoms on different sublattices (AB) is much stronger than that of on the same sublattices (AA). There is no repulsion between the two H atoms whether they site on the same sublattices or on different sublattices, as long as the distance is larger than 4 Å. We note that the calculation based on a theoretical model by Shytov et al. showed the interaction is attractive for two H on AB sublattices but repulsive for two H on the same sublattice [41] . The former is consistent with our calculation but the latter is not. While our calculations are based first-principles this effect is important as will be discussed in more details below. We also note that the trend of the interaction energy of our calculation is consistent with the results of Boukhvalov et al. [7] . Another interesting feature shown in Fig. 2 is that the interaction between the two H adatoms are very long-range, extended well beyond 14
Å. Obviously such a long-range interaction must be mediated by the underlying graphene such as elastic distortions and electronic structure modulations discussed below.
Lattice distortion in graphene induced by two H atoms adsorption
Adatoms on graphene can induce significant distortions to the graphene lattice. Such distortions can spread a certain distance from H atom because most of the distortions are elastic in nature. It is very useful to study the structure distortion caused by adatoms on graphene. In Fig. 3 , we show bond length variation with respect to that of perfect graphene (1.42 Å) induced by the two H adatoms reside on different position along ZZ or AC direction. The bonds are found to be compressed in some directions (cyan) and stretched in other directions (light green). When the distance between two H atoms is less than 10 Å, large lattice distortions can be well seen at the vicinity of the two H atoms, some bonds are stretched (red) and some are compressed (blue) which can also be seen clearly in Fig. 3 . Away from the adatoms or the distance of the two H atoms is about 13 Å, the distortions become negligible in the scale of the plot. Table 1 where the sum of square of deviation in bond length and relative bond angles are presented.
In general, larger distortion to the graphene lattice will cost larger elastic energy.
The elastic energy cost by the graphene lattice distortion can be calculated as
where EGra is the total energy of distorted graphene which is calculated by removing the two hydrogen atoms from the optimized hydrogen-adsorbed structure and keeping the position of the relaxed carbon atoms fixed. E o Gra is the energy of perfect graphene.
In Fig. 5 , we show the elastic energy with respect to distance decrease between two H atoms along AC and ZZ direction. The elastic energy obtained from our calculation is about 2 eV for 200 carbon atoms (or ~10 meV per carbon atom) and the variation of elastic energy with respect to different sublattices and different distances is consistent to that of the bond length and bond-angle from our calculation discussed above. In other word, two H adatoms on different sublattices cost more elastic energy. However, from our DFT calculations discussed above, the energy for two H adatoms on AB sublattices is about 0.3 eV lower than that on AA sublattices. In order to see if there is any electronic dipole-dipole interaction between the two H atoms, we have calculated the induced electronic dipole moments on the two H adatoms. The results show that the dipole moment induced by the two H atom absorption is almost zero. These results suggest that larger lattice distortion in graphene would cause stronger indirect electronic attraction between the two H adatoms in favor of AB absorption.
Electron density variation induced by hydrogen adatoms
In order to gain a better understanding on the gain of bonding energy, we investigated the variation of electron density induced by two H adatom on graphene by first-principles calculations. Because the change in the electron density on graphene is very small, in order to see the change due to the two H adatom adsorption more clearly, we calculated the change in the electron density Δρ(r) due to the adatom-graphene interaction instead of total electron density. The Δρ(r) is defined as:
where ρ(r) is the charge density of the H/graphene system, ρgra(r) is the charge densities of the distorted graphene and ρ2H is the charge density of the two H atoms.
The Δρ(r) defined in this way accounts for the electron redistribution due to the interaction between two H adatom and graphene. In Fig. 6 , the interaction electron density Δρ(r) in the plane through the graphene layer is plotted. As shown in Fig. 6 , the interaction charge density Δρ(r) is dependent on where the two H atoms residing on sublattices. It is interesting to see that the induced interaction charge density is much more localized when the two H atoms residing on same sublattices (AA). In comparison, the induced interaction charge density is much more delocalized for the two H atoms residing on different sublattices (AB). This charge density distribution is consistent with above discussed picture that the induced long range electronic attraction is stronger for two H adatoms on AB sublattices than in AA sublattices.
Magnetic moments induced by hydrogen adatoms
We also have investigated the effects of hydrogen adsorption on the magnetic properties of graphene. The spin-polarized density--of-states (DOS) of the adatom/graphene systems are shown in Fig. 7 . The DOS were calculated using a 4×4×1 Monkhorst-Pack grid for Brillouin-zone sampling. Fig. 7 shows the total DOS of the adatom/graphene systems in the neighborhood of the Fermi level (EF = 0 eV).
From the DOS plots, we can see that two H atoms residing on same sublattices (AA) introduce some magnetic moment, while there is no the magnetic moments when two H atoms on different sublattices (AB). The results from our present calculation is consistent with recent experimental observation that two H atoms chemisorbed on the same sublattices (AA) show ferromagnetic coupling, whereas for two H atoms on different sublattices (AB) is nonmagnetic [42] .
The magnetic moments from our calculations are summarized in Table 1 . We can see that the largest magnetic moment on a single carbon atom due to two H atoms adsorbing on same sublattices (AA) graphene is about 1.06 μB. For the adsorbing on different sublattices (AB) graphene, the total magnetic moments are 0 μB. This result is considered for all possible H-H arrangements up to the largest distances about 15 Å.
The results of our calculation also agree with the study by Boukhvalov et al. [7] . In order to further understand the distribution of magnetic moments induced by two H adatoms on graphene, we show in Fig. 8 the distribution of the induced magnetic moments in graphene layer. We can see that carbon atoms around the H adatoms exhibit larger magnetic moments. The induced magnetic moments are well localized, extend a few shell away from the hydrogen atoms. 
Conclusion
In summary, the adsorption of two H adatoms on graphene is studied by the first-principles density-functional calculations. The interaction energies between the two H adatoms, the lattice distortion on graphene, the interaction electron density and magnetic properties of hydrogen adsorption are studied. We found that there is a stronger attractive interaction between two H atoms residing on different sublattices (AB) than on same sublattices (AA). We further explored the origin of attraction betwwen the two H adatoms on graphene. We showed two H atoms in graphene induce substantial lattice distortion to graphene which cost about 2 eV of elastic energy for the supercell with 200 carbon atoms (or ~10 meV/atom). Through the study of bond length and bond-angle variation, we found the distortion of AB is larger than that of AA. We demonstrated the attractive interactions between the two H adatoms are electronic interaction mediated through graphene due to the graphene lattice distortion. We also showed that two H atoms residing on the same sublattices (AA) on graphene introduce magnetic moments while there is no magnetic moment when two H atoms are sited on different sublattices (AB).
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